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1.0 [INTRODUCTION

1.1 Background

A general requirement exists to provide improved field care after traumatic injury when evacuation is
delayed as described by Topic A87-284 in the DOD SBIR program solicitation of 9 January 1987. This
tepic asks for state-of-the-art applications designed to stabilize pathophysiological precesses aiter
traumatic injury.

Hypovolemic shock, secondary to traumatic exsanguination. is the most common cause of death in
severely injured soldiers as identified by the Broad Agency Announcement guide for the U.S. ARMY
Medical Research and Development Command of August, 1986[1]. Treatment of hypovolemic shock is
the subject of this Phase Il program being conducted by Microwave Medical Systems, Inc{MMS).

Three important factors for successiui ireatment of hypovolemic shock include the acdministration of
different types of fluids, rapidity of infusicn of these fluids and pravention of hypothermia[2-5]. To
address the problem of hypothermia and its asscciated coagulopathy occurring with trauma. Microwave
Medical Systems Inc(MMS) has designed a devicz carable of in-line heating of intravencuz ('} fuics.

The irtention of this Phase !l program iz to develop a sortable device capable of in-line warming of Licod or
ntravenous(lV) fluids administered to ‘rauma victims in an emergency facility close to the battlefield. The
design incorporates microwave energy fcr heating and passive, ncn-invasive microwave racdiometry o
moniter fluid temperature as shown in Figure 1-1. Unlike conventional in-line warmers, the microwave
cevice wiil not require a heated water 2ath.  The work completed in the first year of the Phase 2 cregram
demaonstrates the efficacy of the system and the feasibiiity of configuring the system irto a small. cortatie
unit tnat will provide controiled warming without invacing the normal infusion pathway.

1.1.1 Battlefield Applications

The treatment of traumatic injuries occurring in the tattlefield often requires restering normothermia ang
infusion of fluids, such as saline or biood, intc the gaiient. These two treatments are inter-related since the
transfusion of cold fluids can further aggravate the hypothermic conditicn of the patient as shown by
Boyan et. al[2]. Adverse effects on body physiolcgy from hypothermia have been identified by many
investigators including the USA Coid Regions Test Center in a report on "Arctic Personnel Effects"[6] and
:nclude the following:

» Decrease in heart rate, blood pressure. cardiac cutput and coronary blocd flow{7-10].

+ Reduction in tissue oxygenation. As body temperature drops. the affinity of oxygen fer the
hemoglobin molecule increases. This mechanism, in turn, impairs the transter of oxygen ‘rem
the hemoglobin molecule to the tissue[7,11].

» Heart failure in the form of ventricular fibrillation or ischemia. These conditions can resuit from
myocardial cooling induced by the infusion of cold fluids into the central venous system[7-3}.

+ Loss of effectiveness of coagulation[7,9,11,12].
« Depressed hepatic function{7,12].

A 1985 clinical study by Slotman et al, showed that hypothermia(at temperatures less than 97°F)
intraoperatively is associated with increased monrtality[13]. These investigators recommend aggressive
rewarming of hypothermic patients.

The recognition of hypothermia as a serious threat to the patient has led to the introduction of standard
techniques to combat this condition. But these techniques are limited to the emergency room or
operating room because conventional equipment to treat hypothermia is not portable. For mild cases of
hypothermia, patients are usually warmed passively by apparatus such as warming blankets or heated
rooms. For severe cases of hypothermia or for conditions involving hemodynamic compromise, patients
are actively warmed by methods that heat the core circulation[7] such as inhalation of warmed vapor,
gastric and/or peritoneal lavage and warmied, centrally-administered IV fluids.
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The Phase 2 program addresses the need for an in-line fluid warmer that could be used in the field for the
treatment of traumatic injury and associated hypothermia. A small, portable fluid warmer unit that is an
integral part of the infusion path may help reduce the high mortality rates associated with the pre-hospital
support phase of trauma by bringing the fluid-warming capability in close proximity to the patient. An in-line
unit overcomes the delay inherent with remote warming and the cooling occurring in a cold environment
during transport of fluid heated at a remote location. Currently, in-line administration ot warmed LV fluids to
the patient is accomplished in the operating room by commercially available heat exchangers which
incorporate long lengths of tubing submersed in a warm water bath for heat transte-. This heat exchange
instrumentation is impractical for field or ambulance use because it requires a large circulating volume of
heated water. In addition, the long path length of these heat exchangers presents increased problems cf
blood coagulation or clotting.
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IV FLUID & BLOOD WARMER: Block

Diagram
Fluid Inlet

iV Tubing
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Figure 1-1. Block Diagram of Microwave |V Fluid/Blood Warmer
with Radiometric Temperature Monitoring.

SYSTEM COMPONENTS:
1} Microwave Energy Source
- This generator produces microwave power in excess of 400 watts at a frequency of 2450 MHz which
warms the water-rich media flowing through the heating cavity.

2) Heatmg Chamber + Cartridge of IV Tubing
A cartridge, consisting of a labyrinth pathway of conventional IV tubing wound on a bobbin, is
inserted into the heating chamber enclosure. Within this cavity the fluid is heated as it travels
through the labyrinth by the energy supplied from the microwave generator. The piastic tubing
carrying the fluids is transparent to microwave energy at this frequency. Cartridge design and
orientation is optimized for most efficient absorption of the heating energy by the fluid.

3) Radiometer Temperature Monitor
- Transducers measure microwave emissivity associated with thermal activity of fluids at three sites

of the circuit: «  Inlet Port of Heating Chamber
Interior Path of Heating Chamber
Outlet Port of Heating Chamber

4) Feedback Control Mechanism
- This mechanism regulates fluid outlet temperature by controlling the power output.
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1.2 Objectives

The goal of the proposed Phase 2 program is to develop a portable blood and intravenous (iv) fluid
warming system capable of rapid, uniform, and controlled heating of the fluids, in-line, during the infusion
process. The system is being developed using the microwave heating technique and the radiometric
temperature monitoring technique successfully demonstrated in the Phase 1 feasibility effort. A block
diagram depicting this technique is shown in Figure 1-1. The evaluation of the system is being
accomplished through use of a closed lccp test circuit degicted in Figure 1-2. This test circuit can be
used to heat iv fluids or blood on a continuous basis using a warming-cooling cycle.

The development of the Eeedback Conirol mechanism is the single most significant development task of
this Phase 2 program because it provides for System Integration of the two majer subsystems:
(1) Microwave Generator (energy delivery)

(2) Microwave Baciometer (temperature monitoring)

The design of the engineering models for the Phase 2 program will te sufficient to start the final
production phase {Phase 3) of the development sequence where support components. such as the
sterile IV tubing cartridge, user interface, industrial design package and portable power supply. will be
added.

in order to make availatle a final design that is best suited far current military applications, the dasign work
dene in the Phase 2 program is being performed in two stens:
(1) Phase 2A (year#71;

(2) Phase 23 (year#2)

The first year of development work, Phase 2A, was devoied to the development of an enginesring model
{Engineering Model A) tfor demonstrating the primary design goal:

Feedback control of the energy delivery source using the data sampled
from the inlet and outlet fluid temperatures as inputs to the feedback
control mechanism. The feedback control algorithm (ALGORITHM#1)
controls energy delivery as a function of fluid temperature with a
constant flow rate. The major components of Engineering Model A are:
(1) Variable(coarse) Controlled Microwave Energy Source
(2) Heating Chamber
(3) insertable Cartridge of IV Tubing
(4) Microwave Radiometry Temperature Monitor(iniet&outiet;
(5) Feedback Mechanism: IBM PC Hardware/Software
(6) ALGORITHM#1:  Energy = function(Temperature)
During the first year in-vivo tests were performed using baboons to evaluate the efficacy of the microwave
biood warming technique.

The second year of development work, Phase 2B, will make available an engineering model
(Engineering Model B) that will demonstrate the primary design goal:

System integration into one package for eventual configuration as a
portable wunit. The feedback control algorithm (ALGORITHM#2)
controls energy delivery as a function of both fluid temperature and flow
rate. The major components of Engineering Model B are:
(1) Variable(fine) Controlled Microwave Energy Source
(2) Heating Chamber
(3) Snap-in Cartridge of IV Tubing
(4) Microwave Radiometry Temperature Monitor(in,out,internal)
(5) Feedback Mechanism: Microprocessor Hardware/Sotftware
(6) ALGORITHM#2: Energy = function(Temperature and Flow Rale)
During the second year in-vivo tests will be continued to evaluate the efficacy of the microwave blood
warming technique.
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ENGINEERING MODEL A
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FIGURE 1-3. System Configuration for Engineering Model A (Phase 2A)
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1.2.1 Phase 2A (Year #1) Objectives

The objectives of the Phase 2A program have been as follows:

(1) Implement a Variable Power Mechanism
»  Use existing design ¢ microwave generator (2.45 GHz Magnetron)
+  Develop solid state current control circuit for varying
pulse width and duty cycle input to magnetron

(2) Optimize Design of Heating Chamber and "Insertable Cartridge”
»  Optimize interface to magnetron with regard to efficiency and size.
«  Optimize "cartridge” design for small profile and ease of manufacture.

{3) Optimize Design of Temperature Monitoring Transducers
- Ootimize transducer design for small profile and ease of manufacture.

(4) Interface Microwave Radiometer for Temperature Monitoring
Electrically isolate 4.7 GHz radiometer from 2.45 GHz microwave generatcr{Magnetron)
Reduce size of existing radiometer to a smail size unit{10”" x 8" x 2.5")
by replacing commercial Lock-In amplifier with a PC board design.

(5) Implement Algorithm#1[Energy Delivery = Function(fluid temp] on IBM PC
+ Interface radiometer output to IBM PC input
+ Interface IBM PC output to variable power controlier input
- Develop software for Algorithmi#1

(6) Consiruct Engineering Model A to Demonstrate 'Proot of Concept' ¢f a Feedback Control
Mechanism fcr Energy Delivery using Algorithm#1
+ Integrate microwave generator with microwave radiometer to provide
simultaneous fluid warming and fluid temperature monitoring.

(7) Determine System Performance of Engineering Model A with a Saline Fiuid Fiow Circuit
Verify radiometric measurements with thermocoup'e measurements.
»  Evaluate heating efficiency at various power levels.
«  Determine time response of feedback control mechanism for changes
in fluid inlet temperatures.

(8) Perform System Safety Testing with /n-Vitro ard In-Vivo Experiments
+  Use existing test circuit(Figure 1-2) for In-Vitro experiments.
+  Examine differences in blood constituency between microwave
heated samples and control samples.
+  Evaluate cor.. ituency changes as function of: flow rate, power level. heating rate

(9) Select a Development Path for the Phase {IB Program.
»  Review performance of the Phase lIA effort with the US ARMY.
*  Use criteria supplied by the US ARMY to determine optirnal configuration
for military applications.

1.2.2 Phase 2A (Year #1) System Configuration

The Phase 2A effort has worked toward the development of Engineering Model A, (Figure 1-3)
consisting of five subsystems: Microwave Generator, Heating Chamber, Insertabte Cartridge of IV Tubing,
Microwave Radiometric Temperature Monitor and Feedback Control Mechanism (IBM PC). The interfaces
that interconnect each of four subsystems are packaged outside of the main subsystem package.

10
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1.2.3 Phase 2B (Year #2) Objectives

The objectives of the Phase 2B program are as follows:

(1) Integrate Vanable Power Control Circuit with Microwave Generator
»  Provide electrical shieiding for control circuit
. Previde user intertace for switch-selectable power levels

(2) Optumnze Heating Cavity Design fo Clinical Use
Integrate temperature monit. wing transducers into a
single packace with heating cavity.
+  Coumize "cartndge” design for snap-in insertion and for quick
ccnnect/discennect o 'V infusion circuit.

{3} Integrate #vtrid Raciometer(available from separate program) into System
«  Consiruct hyorid radiometer anc incorgerate into system.

(41 Develcp Algorithm#2{Energy Delivery = Functon(fluid temo. iuid flow -ate)]
+  Tavelcp scitware for Algerithm#2 o1 iEM PC

(51 Peveler Microprecassor Circuitry for Fast, Stand-Alone Feedback Control

+  Cevelcp alecirenic hardware

+ :molement scitware ‘cr Algarithm#2 on micreprocesscer

. interface Microprocessor CII’CU!UV with ccwer controiler
(<) Constn, t Engineering Model B to Demonstrate 'Prooi of Concept’ of 3 =
Mechan:sm for Energy Delivery using Algorithm#2

secback Zontroi

{7y Determire System Seriormance of Eagineering Model B with a Saline Fiui2 Fiow Circuii
«  Verify radicinetr:z measurements with thermocoupnle measurements.
«  Evaluate heating efficiency at various power levels.
«  Determine time response of feedback centrol mechanism for changes
in fluid inlet terrperatures and changes in flow rates.

(8) Perform System Efficacy Testing with /n-Vitro and in-Vivo Experiments
«  Use existing test circuit{(Figure 1-2) fcr in-Vitro experiments.
»  Examine differences in blood constituency between microwave
heated samples and control samples.
«  Evaluate constituency changes as functicn of: flow rate, power leve.. healing rate

(8) Propose a Design o Pursue in Phase 3 for a Portable Field Unit.
+ Incorporate US ARMY design requiremerits.
« Incorporate miniaturized radiometer.
+  Design a pcwer entry module to supply cower {o entire system

1.2.4 Phase 2B (Year #2) System Contiguration

At the start of the Phase 2B effort, the system configuration will be the same as Engineering Model A
and ready for integration with a small Hybrid Radiometer. This Hybrid Radiometer is being developed by
Microwave Medical Systems, Inc. in cooperation with M/A-COM, Inc. in a separate Phase 2 SBIR program
funded by the National Institutes of Health(NIH)("Early Detection of Intravenous Cytotoxic Drugs”.
Contract # N43-CM-57821) . By the time the Phase 2B effort begins, this 4.7GHz radiometer
miniaturized using hybrid circuit technology will be available for integration into Engineering Model B.

Once the Hybrid Radiometer is integrated into Engineering Model B, development can continue with
the optimization of each of the interfaces between the four major subsystems of the device: Microwave
Generator, Heating Cavity, Microwave Radiometric Temperature Monitor and Feedback Control
Mechanism. Size reduction of the interfaces and improved isolation between the four major subsystems
will be the primary goal of Phase 2B. Additional size and cost reduction of the system will be achieved by
incorporating a microprocessor for the feedback control mechanism. The resultant system, Engineering
Model B, for Phase 2B will be configured as sketched in Figure 1-4.

11
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ENGINEERING MODEL B
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FIGURE 1-4. System Configuration for Engineering Model B (Phase 2B)
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1.3 System Requirements

There are three major characteristics required for a system to warm blood and 1V {luids in-line for infusion
into trauma victims:

RAPID

Rapidity of heating a cold fluid to normal body temperature is essential, since the well-being of
trauma patients depends ¢n the speed of treatment. Infusion rates can range from 100 mi/min up
to 500 mi/min.

UNIFORM

"Hot-Soots” are ctten associated with rapid warming, particuiarly with warming of fluids using
conventicnal microwave ovens. The design of a microwave warming device customized for
warming iV fluids, in caricular blood, can provide a heating pattern that is without "hot-spots™.

In studies investigating treatment of hypothermia by infusion of warm fluids investigators have
suggested "safe” minimum and maximum temperatures for these fuids. Several investigators,
inclucing Russeil[18] and the Finnish Red Cross Blood Transiusion Service headed zy
Link2{19,20], estimate that 32°C would be the minimum acceptable temperature for a blocd
warmer to maintain tody temperature within the "safe” range. Additionaily. the Finnish group[29],
fourd that heating atove 46.8°C caused hemolysis. These critical temperatures are guidetnes to
be used in tre czsign of in-line blocd/IV fluid warmers.

CONTROLLED

in crder to provice warm fluid to the patient at a constant temperature, tne rate of warming must be
controlled as a ‘unction of the flow rate and temperature of the ¢cool fluic zntering the system.

Here, the accuracy of maintaining a constant temperature of the fluid ‘o be administered to the
patient depends 2n the sensitivity and response time of the sensors(or transducers) detecting
temperature at various points in the flow circuit and the ability to use the sensor information
efficiently in a feedback control loop. An additional requirement is that in order to maintain the
sterility of the IV circuit, the sensors must be non-invasive. A technigue that satisfies all of these
requirements is microwave radiometry, which has been used in tre past by Microwave Medical
Systems, Inc.(MMS) to measure thermal activity passively and non-invasively in biological
tissues[24-28]. For this application, radiometric transducers can be incorporated into the feedback
control loop to monitor temperatures at various points in the flow circuit.

1.3.1 System Testing

In order to demonstrate and evaluate the performance of the microwave fluid warming system regarding the
above three requirements, a test fixture(Figure 1-2) has been assembled and used in this Phase 2 study
to measure the following:

o Heating Capacity of Energy Source
Measurement of the temperature elevation of various fluids flowing
through the system at specified flow rates.

o Effectiveness of Radiometric Monitoring of Temperature
Sensitivity and response time of the radiometry system and transducers
to detect the change in temperature of fluids flowing the circuit.

o Efficacy of Blood Warming
Constituency of collected samples of blood warmed by the microwave
heating device as compared to control{unheated) samples.
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2.0 DISCUSSION

2.1 Development of Heating Chamber

The heating chamber is a waveguide cavity enclosure designed to transfer the microwave power from
the microwave generator to the pathway of fluid in the IV tubing cartridge. The heating chamber is
designed to operate at a center frequency of 2.45 GHz when the fluid-filled cartridge is in place inside the
heating chamber.

Dimensicnal optimizations were made on the most recent design of the heating chamber. The previous
design incorporated two inductive tuning posts which were located between the coaxial launch into the
cavity and the back wall of the cavity. These tuning posts were eliminated, without compromise of
spectral performance, with a dimensional modification of the cavity length, as seen in Figure 2-1. The
heating chamber is coaxially coupled therefore it is abie to be connected to the microwave generator via
a stationary 50 Ohm coaxial connector or a high pcwer flexible 50 Chm coaxial cakie. Engineering
Modei A, shown in Figure 6-1, disciays the new reduced size heating chamber connected with 3 scras
of coaxial type "N”" connector adapiars.

2.2 Deveiopment of Snap-in Cartridge

The configuration of 1V tubing wound around the cartridge which is insened into the heating chameter na
been designed tc allow the mest efficient uniform absorption of the microwava energy. We hay
achieved a design that contains a short length of oniy 18" of IV tubing wound around a catndge ‘¢ 2
inserted intc the neating chamber. This short tength of tubing assures ‘hat the blocod will be expesec ¢
only a minimai aimount of additional tubing in addition to the normal 1V gath length. The improvement n
decign is depictad in the sketches of Figure 2-2 where the original bobbin {used in the Phass
program), cortaining approximately 70" of |V tubing, has been rep.aced by the optimized canricdcs
containing 18" of 1V tubing.

[¢]]

W

The cartridge is fabricated from Teflon and is press-fit into an aluminum cap which is mated to the tco
side of th2 heating chamber when the cartridge is inserted. The cartridge has been shown to
accommodate at least two types of IV tubing without any degradation in heating performance.ifcur
windings of 0.1" 1.D.x 0.130" O.D. PVC tubing or three windings of 0.12" [.D.x 0.19" O.D. Silicone tubing).

2.3 Deveicpment of Variable Power Control

Several control mechanisms have been designed, {abricated and tasted for controlling the magnetron.
which generates the microwave power, such that the output power is a linear function of the contrci
voltage. This control voltage is supplied by the feedback controi mechanism. in this case a
software/hardware interface on the 1IBM PC.

Power control using an auto-transformer was initially implemented to provide a variable 60 Hz AC voltage
to the primary of the high voitage transformer which controls the magnetron. Linear power control was
achieved with this method, however, the physical size and weight of such an auto-transformer made this
method prohibitive.

In order to reduce the size and weight of the power control mechanism, a solid-state digital-timing power
control circuit was designed and tested. This circuit uses a digitally controiled optically coupled Triac. a
thyristor device, which acts as a switch to allow conduction of full 60 Hz cycles for a percentage of a 10
cycle period (approximately 167 milliseconds). For example, 3 cycles on and 7 cycles off corresponds to
a 30% power level. This circuit controls the voltage to the primary of the high voltage transtormer while a
separate filament transformer maintains constant current. A timing diagram of this 10-leve! power control
is shown in Figure 2-3.
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Flow Flow
Inlet Outlet

v !

SIDE VIEW
(a)

END VIEW

(b)

Figure 2-2 (a). Bobbin with Spiral

of IV Tubing:
-12 turns of IV tubing

(.D. = 0.10", O.D. = 0.14")
-Total length of tubing = 70"

(b) Bobbin End-Cap
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SIDE VIEW
(c)

o

END VIEW

(d)

Figure 2-2 (c). Cartridge with
Vertical Windings of IV Tubing:

-4 turns of IV tubing

(1.D. = 0.10", O.D. = 0.14")
-Total length of tubing = 18"

(d) Cartridge End-Cap
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Currently, the power control circuit is fabricated on a large prototype board with its own internal power
supply (10"x 6.5"x 3"). The small enclosure mounted on the L.V. stand of Engineering Model A seen in
Figure 6-1, houses this prototype board with the power controi circuit. This circuit is shown in Figure 2-
4, and can easily be reduced onto a small circuit board and packaged into the microwave generator
enclosure, (the larger enclosure mounted on the |.V. stand of Figure 6-1).

Experimental results of this method of power control revealed that output power is linear with the
controlling voitage. The calculated output temperature variations for flow rates ranging from 0 to 500
mi/min using 10-level power control of the 400 Watt microwave generator is displayed in Table 1a. To
achieve finer control of output power to further reduce the temperature variations over a wide range of
flow rates ana AT's, a power control circuit with finer control will be developed in year #2 of this Phase 2
program.

2.4 Development of Temperature Monitor

During year #1, a radiometer developed in a separate program using hybrid microwave circuit
components was used in Engineering Model A of this Phase 2 Program. The completed packaged
hykbnd radiometer is shown in Figure 2-5. This unit has the capatuiiity of either monitoring the absoiute
temperature sensed by a single transducer (antenna), or the diiferantial temperature sensed tatween
two transducers. in the differential mode, the differential temperature between the inlet and cutput porls
of the system can be monitored on a continuous basis. Optimization of the individual temperature-
sensing transcucers for the inlet and outlet fluid ports has been completed in year #1 of this Phase 2
Program.

Transducers tor in-line measuring of emissivity associated with thzrmat activity ot fluics at ihe inlst and
outlet pernts of the heating chamber have been designed and integrated into Engineering Model A.
These iranscucers receive thermal emissions at a center frequency ot 4.7 GHz and send a temperature
equivaleni signal to the microwave Radiometer for feedback contrzi of the power delivered to the heating
chamber. The2 transducer has been redesigned for size reduction to accommodate two such alements
in a single package with a third transducer for inside cavity temperature measurement.

The new transducer for in-line temperature monitoring has been reduced to approximateiy one-third the
size of the previous transducer used in the Phase | Program, as seen in Figure 2-6. To ensure the
isolation of interference with the microwave generator, small shieiding tubes are placed at the input and
output ot the transducer. Receiving performance of these radiometric transducers demonstrates a 10 dB
bandwidth of 250 MHz as measured on the Wiltron 560 Scalar Network Analyzer. The output response
times of the Radiometer with changing output temperature of fluid flowing through the transducer can be
adjusted in Engineering Model A. to obtain the optimum response time trade-offs with resolvable
temperature change.

Although we have been successful in electromagnetically isolating the radiometric temperature
monitoring subsystem {rom the interference of the microwave energy source for the inlet and outlet
transducers, isolation for the transducer internal to the heating chamber remains a problem. This task
will be continued into the second year of development. An alternative approach for monitoring the
temperature of the fiuid inside the heating chamber is being researched. This alternative method
involves monitoring the reflected power from the heating chamber, to take advantage the change in
reflected power occurring when the temperature of the fluid changes. This technique has been used
successfully by Microwave Medical Systems, Inc. on other applications and this technique is worthy of
merit here. This approach will be researched during the next quartc:.
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Figure 2-4. 10-Level Power Control Circuit wired on an
Engineering Prototype Board which is enclosed and
mounted on the 1.V. Stand used for Engineering Model A.
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FIGURE 2-5(a) MINIATURIZED BACK-END OF RADIOMETRIC
EXTRAVASATION DETECTION (RXD) SYSTEM
ACTUAL SIZE IS : 75" x 45" x 2.3"
NOTE: Size of miniaturized Front-End (not pictured) is: 4" x 2" ¢ |

)
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FIGURE 2-5 (b) BOTTOM VIEW OF CIRCUITRY WITHIN RADIOMETER

MAJOR COMPONENTS: 2nd Amplifier Stage, Bandpass Filter, Square Law Detector, Lock-in Amplifier,
Synchronization Clock, Alarm Detection and Indicator Mechanism, Power Supply
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Figure 2-6. Reduced size temperature transducer used to
monitor inlet and outlet fluid temperatures for feedback control
of Engineering Model A. Shown with previous design which is
three times the size.




2.5 Development of Feedback Control

A real-time control software and hardware system system has been implemented on the IEM PC anad setup
so that it can be interfaced to the radiometer tor temperature input anc io the the power contrei circut for
output of a controi voltage. The software/hardware intertace uses a commercially available interiaca carc
{Data Translation Modei DT2808) with on-board Analog-to-Digital Converters (ADC's) and Digital-io-Analog-
Converters (DAC's) that plugs into the backplane of the IBM PC.

Software has been written in the C Language for reai-time operation and monitoring of the variable power
module and temperature sensing module of Engineering Model A. The software consists of apgroximately
50 pages of source code and a run-time module which occupies 305 KBytes of memory. Features in this
software package include: (1) A menu providing for user selection of operating parameters anc system
control is shown in Figure 2-8: {2) A graphic display of all inputs and outputs during real-time system
operation as shown in Figures 2-7 and 6-2; and (3) Facilities for easy manipulation of algorithm changes.

Algorithm #1 has been implemented in software on the IBM PC. This algorithm is based on contrciling the
power as a iunction of fluid infet temperature. The cutlet temperature, To. of the fluid remains cornsiant ior
changes in inlet temperatur2. Ti, by varying the power level surplied {0 the heating shamzzr Thig
algorithm provides a classic P!D control of the power output in responseg to the inlet arg sutlat
temperatures. In addition a user-friendly, graphic interface has been implemented for an-ine. ~=al-time
operation of the system. Pazrameters such as flow rate. fluid type {saline or blood) and cesirzu autlet
temperature can be 2asily entered by ithe user. The graphic screen output is displayed in rea-ime and
allows the user to observe ihe inlet temperature. outlet temperature and power sutput as menitcrad and
controlled oy the system in real-time.

Figure 2-7 shows the PIC response of the aigcrithm when a simulated square wave signal icr ing outlet
temperature is presented 1o the input of the system. In this figure the target temperature is 25°C. With the
square wave outlet temperature varying betwszn 33.5°C and 36.2°C we see that the resporse of the
control signal for the output power is the expectad triangular wave response, characteristic of a ciassic FID
feedback control algorithm. A display of actual inputs and outputs during a fluid warming trial is shown in
Figure 6-2.

2.6 System Integration

The single most significant task of year#1 of this Phase 2 program has been accomplished: The in-iine
fluid temperature measurement module has teen linked together with the fluid warming moedule via a
feedback control mechanism resulting in a functional system (Engineering Model Ai. The ieedback
algorithm has been successiully impiemented on an IBM PC computer which intertaces (o zoth the
temperature measurement module and the fluid warming {or power delivery} mcduie.

Figure 6-1 shows a photograph of Engineering Model A in its final configuration for year#1 of this Phase
2 program. These major components of Engineering Mode!l A (not including the 1BM PC Computer) are
packaged in 5 distinct packages and interconnected to form a functional unit as follows:

ITEM DESCRIPTION SIZE (in inches)
(1)  Energy Source Module 53 x 85 x17
(2) Power Control Module 53 x 75 x 12
(3) Radiometric Temperature Monitor Module (part1) 23 x 45 x 75

(part2) 1.0 x 20 x 4.0
(4) Heating Chamber 25 x45x 53
{5) Cartridge(insertable into heating chamber) 10 x 13 x 25

For Engineering Model A, the five modules listed above are mounted on an IV stand and connected to an
IBM PC Computer. This system is capable of controlling the outlet temperature of the fluid to less than
+1.5°C of the target temperature when fluid is flowing at 200 mi/min. This performance level demonstrates
a proof of concept of the closed loop technique and will be refined to give finer control (=1 C) in year#2,
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Blood warmer test contral loop set ugp scrsen
Microwave Medical Systems, Inc.

CURRENT VALUES SELECTIONS

Guit blood warmer experiment.

Set up Q.kK., GO TO next screen.

S2.00 SN up Delivering temperatura.

WATER . 3 fluid Type.

200,00 ml/sac € ¢ ) Set up Fiow rata.

10.31e meac ¢ £ ) et up new axIsrnal Trigger

¢ € ) Set up control constant.

3 0.00 YOO 7 ) Eet oup reT2rencz tEmoesraturs
k 1
- E
\ setect 0 - 7 ]

FIGURE 2-8a. Actual Display Screen (on IBM PC graphics disﬂplay)»q‘f_VM"ENl_J_Sgiggtable Functionszfganzeter§ o

Blood warmer test control locp set up screen
Microwave Medical Systems, Inc.

CURRENT VALUES CTICNS

d warmer experiment.

e
0.K., G0 TO next screen.
35.00 (2] Delivering temperature.
WATER ; Toggle fluid type.
Z200.00 (4 ) Set up flow rata.

10,3635 ( > Set up new external trigger.

Set up contraol constant.

0. 00 ~C ¢ Set up references temperature.

Current control eq:e: Cl * K * ¢ Temp_ref - Temp_out) *
Current Constant Ci Q.000100
Select O - 7: Type in Constant Ci

FIGURE 2-8b. Example of Seiecting Function (6) for Setting Constants in Feedback Algorithm
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The 1BM PC computer is used to monitor the operation of Engineering Model A via a real-time graphics
display that monitors all of the system input and output signals during operation. Figure 6-2 shows the
response of the algorithm during actual system operation of £ngineering Model A. The signal for the
inlet and outiet temperature as measured by the in-line temperature transducers through the radiometer,
is presented to the input of the feedback system . In this figure the target temperature is 35°C and the
starting conditions are such that the inlet and outlet temperatures are just below 10°C when the output
power is at a maximum level. As the outlet temperature increases, the output power remains at the
maximum level until the outlet temperature increases to a level just above the target temperature of 35°C.
Once this occurs, the output power decreases to permit the outlet temperature to slightly decrease. Once
the temperature has dropped just below the target temperature of 35°C the output power increases to
maintain the target temperature. These osciilations around the target temperature are determined by the
system performance of Engineering Model A. which is determined by a zerror value around the ideal AT.
This error term is directly related to the amcunt of available power levels, therefore acquisition of target
temperature is within +1.5°C for a fluid flow rate of 200 mI/min, and will he improved to give finer control
in year #2. The initial overshoot of the target temperature as seen in Figure 6-2, is due to the feedback
system response which can be selected to perform optimally in year #2 of this Phase 2 Program.
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3.0 DOCUMENTATION

3.1 List of Quarterly Reports
Progress for each of the four quarters of the first year of this Phase 2 program has been reported in

quarterly reports submitted at the end of each quarter to the following address: Ccmmander, Letterman
Army Institute of Research, Attn: SGRD-ULZ-RCD/Ms. McHenry. Presidio of San Francisco CA 94128-

6815.

The content of these quarnterly reports is summarized can be summarized as follows:

Quarterly Report #1

Time Period Covered:

Date Submitted:
Content:

arterly Report #2

Time Period Covered:

Date Submitted:
Content:

Quarterly Report #3

Time Period Covered:

Date Submitted:
Content:

rly Report #4

Time Period Covered:

Date Submitted:
Content:

3.2 Presentations

1-Dec-88 to 28-Feb-8S

15-Mar-8¢

Description cf: {1) Preparing Existing Devices and Equipment for
Use in Phase 2, {2) Building Racicmeter with 2xisting design and
parts. (3} Developing Interface from iBM 2T to Power Controi
Module , {4) Ceveloping Intertace from [EM =C to Temperaiture
Monitor Module .

1-Mar-828 0 31-May-3¢

15-Jun-8S

Description oi: {1: Compietion of the Radicmetric Recegiver ior
Use in Temperature Measurement. {2} Cptimizing the |V Tubing
Path within the Cartridge. (3) Planning in-Yivo Experiments {4)
Initiating work on the F2edback Contrel Algorithm (5) Initiating
Fabrication of Engineering Model #A.

1-Jun-898 to 31-Aug-89

15-Sep-89

Description of: (1) Start of In-Vivo Experiments(Description of
preliminary results) , (2) implementing the Feedback Algorithm on
the IBM PC, (3) Evaluating Power Control Methods for Power
Module .

1-Sep-89 to 30-Nov-89

15-Dec-89

Description of (1) Linking together of the Vanabie Control Power
Module with the Temperature Monitoring Module with a
Feedback Control Mechanism as provided by an IBM PC
computer, (2) Completion of the In-vivo animal experiments.

Only a brief synopsis of the above two activities are given in the
Fourth Quarterly report; an in-depth report of these two activities
is given here in the annual report of year#1.

In addition to the quarterly reports listed above, a presentation of the microwave technology involved in
the fabrication of Engineering Model A and a review of the in-vivo testing techniques was given on
October 26, 1989 to Captain Stephen P. Bruttig of the Letterman Army institute of Research.
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4.0 STATUS OF THE PHASE 2 PROGRAM

4.1 Review of Milestones for Year#1

The task schedule and list of milestones for year#1 is presented in Chart #1. The work performed
during year#1 has resulted in the successful completion of Engineering Model A as shown in Figure
1-3, with the exception of the monitoring transducer for the temperature of the fluid internai to the
heating chamber (temperature monitoring at the inlet and outlet ports of the heating chamber is tuily
operational). In-vivo testing of the microwave technique using animals(babocns) has been successtuily
completed during year#1. A brief in-vitro test involving warming whole biood withdrawn from human
volunteers has been rescheduled to year#2.

Demonstration of the two Main Modules of this System (Variable Power Control Module and Temperature
Monitoring Module) were given on October 26, 1889 during a site visit by Captain Stephen P. Bruttig o
the Letterman Army Institute of Research. Subsequent to this site visit, these two main Modules were
integrated into single system: Engineering Model A with a functichal closed-loop feedback
mechanism. Engineering Model A is a functicral system that demonsirates the capabiiities of Hu::
warming and fluid temcerature monitoring using microwave technology. The feedback centroi mechanisr?
implemented here is capable of regulatirg the cutlet temperature of fluid heated by the system ¢ a
tcierance of =1.5°C at a typical flow rate of 200 mlmin.

As shown in Chart#* 2all tasks have teen compieted with the excection of Task #A8 and Task #A13.

+  Task#A8 relates to the moritoring of the fluid temperature internal to the heaiirg
chamber. The efforts on this task year#1! proved that the temperature internal to he
neating chamber could be monitored successiully when the power to the heating
shamber was off. With the cower on, more isolation between the Microwave Energy
Source(2.45 GHz) and the Radiometric Temperature Monitor(4.7GHz) is required io
achieve accurate temperature measurement. This task will be completed in year#2 of
the Phase 2 program by incorporating more isolation, or, if unsuccessful, ty
incorporating a different approach using reflected power measurement from the
heating chamber.

+ Task#A15 relates to the in-vivo and in-vitro testing of the microwave technique.
The most significant portion of this task, the in-vive testing using animals has been
completed. Experiments involving the in-vitro testing of fresh whole blood drawn
from human voiunteers has teen moved to year#2 because of the delay in obtaining
approval from the Human Investigational Review Board at New England Medical
Center.

4.2 List of Milestones for Year#2
The task schedule and list of milestones for year#2 is presented in Chart #2. The expected result of this
effort will be the development and fabrication of Engineering Model B as shown in Figure 1-4.
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of MICROWAVE 3LOOD IV FLUID WARMER

rev 0.6

MONTHS

15-Nov-89 1
TASK

Prepare Device &
Equipment for Phase !l

Aueeeed
0

VARIABLE POWER:

(Deveiop high current control circuit)

VARIABLE POWER:
(Interface control ckt to 1BM PC;

VARIABLE POWER:

(Interface control ckt to Magnetron)

HEATING CAVITY:
Prepare existing design

HEATING CAVITY:
Optimize "Disposable Cariridge”
]

TEMPERATURE MONITORING:
Optimize Inlet/Outlet Transdu:zers
i
b
]

TEMPERATURE MONITCRING:.
Optimize "Internal” Trarsaucer

MICROWAVE RADIOMETER: l
Isotate Radiometer from Generator

MICROWAVE RADIOMETER:

3

complete

-. A

) com

4

2 complete

plete

R

Build Radiometer for dedicated use(with Hybrid Front-End)

MICROWAVE RADIOMETER:

Interface Radiometer to 1BM PC

FEEDBACK CONTROL:
Develop/Implement Algorithm #1 on

ENGINEERING MODEL A:
System Integration

ENGINEERING MODEL A:

System Performance Characterization

ENGINEERING MODEL A:
System Safety Testing

SYSTEM PERFORMANCE ANALYSIS
{Statistical Analysis)

Determine Specitic
DOD Requirements

DEMONSTRATE Engineering
to US ARMY

Model A

FINAL REPORT for
for Phase A (year #1)

IBM PC

9 complete

3

TZ. Zusting radicmeter

6 7 9

P

! © comolete
\

? complete

isec n yrat,

in-vivo (animal) ‘est
Aereacen
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complete
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!
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-

rev 0.5 |0 compiete
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NOTE:
In-vitro  test
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CHART 1. MILESTONE CHART FOR PHASE 2A (year#1)
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of MICROWAVE BLOODHV FLUID 'NARMER

MONTHS

HYBRID RADIOMETER
{integrate into System)

HEATING CAVITY:
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5.0 TESTING METHODS

5.1  Microwave Characteristics of Heating Cavity

This waveguide cavity enclosure is designed to transfer the microwave power from the microwave
generator to the pathway of fluid in the IV tubing cartridge. The heating chamber is designed to operate
at a center frequency of 2.45 GHz with a 15 dB bandwidth of approximately 200 MHz when the fluid filled
IV tubing cartridge is \nserted. Return loss data taken with a Wiltron Mcdel 560 Scalar Network Analyzer
shown in Figure 5-1a, verifies that approximately 37% of the microwave power is transferred to the 1Y/
fluid as it flows through the heating chamber. The wide cavity bandwidth. 200 MHz, is necassary to
ensure that the full amount of available power will be coupled into the heating chamber. The output gower
spectrum of the microwave generator taken from an HP 8562A Spectrum Analyzer, shown in Figure 3-
1b. indicates that the available power is spread over approximately 100MHz and is centered at 2.4%55
GHz, which is well within the 200 MHz heating chamber 15 dB bandwicth.

5.2 Heating Capacity of System
Figure 5-2, shows the system power recuirements for flow rates frcm 25 19 500 mirmin. These Jalu2s
‘nere determined as iollows:

P =(k pc ATHQ/60) Eq. {5-1)

where;
P = Power in Warts, 1 watt = 1 Joule/sec
k = 4.184 Joules:calcrie
p = 1 gm/ml for water, = 1.05 grmymi for biood
¢ = 1 callgm°C for water, = 0.83 caligm~”C for blood
AT = Temperature difference in °C AT = Toutput - Tinput
Q = Volumetric flow rate in mimin

The microwave power generator used in Engineering Mode! A, has 400 Watts of available power with 10%
power levels ranging from 0 to 100%. Table 1a, displays for each flow rate (25 to 500 mi/min), the ideat
power level, the available power level, and the power error (idea! power - available power). This Parror iS
converted into a Terror Dy using the above Equation 5-1 ard is shown in Table 1b. The ~Avg. AT
error for each given flow rate is displayed in the column to the far right of Table 1b. The Tarror S
subtracted from the ideal value of AT. and the output resuits are dispiayed at the bottom of Table 1b.

For exampie:

- In Table 1a, at a desired AT of 33 °C and a flow rate of 175 ml/min. the ideal power needed is
402.7 Watts. '

- The available power with the 10-level power ¢ontrol is 400 Watts.

. Therefore, the Perror equals (402.7 - 400) which is a difference of +2.7 Watts.

« The Pgrror is converted to a Terror of +0.2°C | and then the tAvg. ATerror is calculated
for all AT's at flow rate = 175 mi/min to be 0.8°C, as seen at the top of Table tb and
graphically displayed in Figure 5-4.

+ The actual temperature change can then be calculated as follows: 33°C-02C =328C.
Each column corresponding to a AT in the range of 1°C to 34°C is separately tabulated 1o
attain a ATmax, ATmin, and =Avg.Terror-

Figure 5-3 shows a graphical display of the +Avg.Terror as a function of the ideal (desired) AT. In this
figure, the x-axis is ideal temperature change desired, and on the y-axis the <Avg.Terror

corresponding to the actual output temperature change. The ATmax and ATmin values are plotted
about the ideal AT in Figure 5-5.
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Average Temperature Error as a Function of Temperature =

AT + Avg. Error (°C)

Average T-error (°C)

40 Taken from Error Results in Table 1b. AomuaiAecsr ot
1

30 ]

20 ]

i , i
20 30 10
ATideal (*C)

Figure 5-3. Grapnical Average Error Results

Average Temperatue Error as a function of Flow Rate
Taken from Avg.T error Resulits in Table 1b.

y =147.6617 * x*-1.0035 R =1.00

0 N 1 4 v T L T ' ] v 1 v
0 100 200 300 400 500 600
Flow Rate (mi/min)

Figure 5-4. Graphical Average Error Results
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: IDEAL POWER
Flow JAT=1°]av=2°1a7:-3°[aT=4"[aT=5°[aT1=6"] aT=2"]aT=8°]{ AT=9° 8710 aT-31"]aT=12"]aT-13°"|AT-18"]AT-13°]aT-16"]aAT=17"[aT-18°[aT
0 00 0.0 0.0 0.0 00 00 0.0 00 00 00 00 C
25 3.5 12.2 14 0 15 7 17 4 19 2 24 4 26.2 279 29 6 14 a
50 7.0 24 4 27 9 31 4 349 38.4 488 52.3 558 59 3 62.8 6
75 10.4 36 6 419 47 1 52 3 57 732 785 837 88 9 94.1 [
100 13.9 48.8 55 8 628 69 7 76 97 6 1046 | 1116 | 1185 | 1255 | 1°
125 7.4 61.0 9.8 785 87 1 95, 1220 | 1308 | 1395 | 1481 | 156.9 | 1¢
150 0.9 . 73 2 3.7 94 2 104.6 § 1151 146 4 156.9 167 4 177.8 | 188.3 1¢
5 4.3 .8 85.4 7.7 1099 [ 1220 | 1342 1708 | 1831 | 1953 ] 207 4 | 219.6 :
200 7.8 .8 97.6 | 1116 | 1256 | 1394 | 153 4 1952 | 2002 ] 2232 | 2370 [ €
225 1.3 .8 1098 | 12656 | 141.3 | 156.8 | 172.6 2196 | 2354 | 2511 | 2666 4 <
0 48 8 1220 | 1395 | 1570 | 1743 | 1918 2440 | 2615 | 2790 96.3 138 | ac
s 8.2 7 1342 | 1535 ] 1727 ] 1017 1 2109 2 | 2684 | 287 7 | 3069 259 a5 1 | 3¢
300 7 146.4 | 1674 | 188 4 | 2091 | 2301 8 928 | 3138 34 8 £5.5 76.5 | 3¢
325 .2 158, 181 4 [ 2041 ] 2265 | 2493 5 17.2 | 3400 62 7 851 | 4079 | a-
350 N 170. 1953 | 219 2440 | 2685 K] 41 6 | 3661 906 | 4148 | 4393 | a¢
25 1 183, 209.3 | 238, 2614 | 2876 8 ] 3660 | 3923 | 4185 | 4444 | 4706 4s
400 .6 1952 | 2232 | 251.2 ] 2788 | 306.8 4 | 3904 | 4184 | 4464 | 4740 | S02.0 :
425 K] . 207, 2372 | 2669 | 296 2 | 326 0 1 | 4148 | 4446 | 4743 | 5036 | 533 4 €
450 62.6 25 6 219, 2511 | 2826 137 | 3452 7 | 439.2 | 4707 | 502.2 | 533.3 | s6a.8 | Sc
475 660 32.5 231, 265.1 | 298.3 31.1 | 3643 4 ] 4636 | 4969 30,1 | 562.9 } 596.1 | 62
500 69 5 395 2440 | 279.¢ ] 3140 48 5 | 3835 0 | 488.0 | 5230 | 5580 | 592.5 | 627.5 | 6¢€
AVAILABLE POWER {10 LEVELS, 400 W
Flow ] aT=1°] AT=2° ] AT=3"] AT=4"] 6T=5"] aT=6°] AT=7° | AT=8"] aT=8" JAT-10"[AT=11°"[aT=12"[aT-13"|AT=14"[AT=15"[aT=16°[aT=17"[aT=18°[aT-
0 0 [ [} 0 0 0 0 0 [} 0 0 [ .
25 0 0 0 0 0 0 [ 40 40 40 40 40 &
0 [1] 0 40 4c 40 40 40 40 40 40 40 80 8
5 0 40 40 40 40 40 40 80 8¢ 80 80 80 £
100 0 40 40 40 80 80 80 80 120 120 120 120 1.
125 0 40 0 80 80 80 80 120 120 120 160 160 1.
150 40 40 0 80 80 120 120 160 60 160 160 200 2
] 4 40 80 0 80 120 120 120 160 200 200 200 200 2.
0 4 40 80 80 120 120 120 160 200 200 240 40 0 2
] 0 4 [} 80 120 120 160 160 160 00 240 240 80 0 2
5 0 4 0 80 120 120 160 160 200 F 40 280 280 80 0 3:
7 ) 4 ) 80 120 160 160 200 200 F 0 280 320 20 60 3¢
40 4 [ 160 60 200 200 240 2 0 320 320 60 360 4
40 4 0 160 200 200 240 240 2 320 320 360 400 400
3 40 4 ) 160 200 200 240 280 F 60 360 400
3 40 40 120 200 200 240 280 a0 60 400
4 40 40 120 200 240 240 80 320 400
4 40 0 120 200 240 280 80 320
450 40 120 200 240 280 20 360
475 40 120 240 280 280 320 360
500 40 120 240 280 320 360 400
POWER ERROR = (IDEAL POWER - AVAILABL!
Flow | T=7*] aT=8*]aT=9"]aT-10°]aT7=11" T=14*jaT=15JaT-16" AT =
7] 0.0 00 00 0.0 00 00 ro 0.0 0.0 00 00 0
25 7.0 12,2 140 15 7 17 4 19 2 156 ] -139 [ -121] 104 ] -86 -6
50 14.0 156 [ 121 -8.6 -5.2 17 88 12.3 158 193 | 173 ] -1
75 2191 -3 4 1.9 7.1 123 175 -6.8 -1.6 37 89 141 15
100 -12.1 [ 158 | 17221103 ] -33 176 | -154 ] -84 -1 5 5.5 12
125 K] 190 1031 -1 8 71 159 20 10 8 195 11 9] .31 s
[ 2 9 -6.8 37 142 | 155 ] -50 136 ] -3 74 178 | .11.8 1
7 7 8 54 177 1 -101 290 14 2 108 | 1701 -47 74 19 6 -8
.2 58 17.6 -8 4 56 19 4 -6 6 -4.8 9.2 1681 -30 110 -1E
.7 7.2 -10.2 56 187 | -32 126 19.6 -4.7 11 % 13 4 2.4 18
0 3 -10.3 20 95 -3.0 143 -8.3 40 185] .10 163 .63 11
5 8 =3.3 142 <66 12.7 -8.3 10 9 -11.6 7.7 -13.1 59 -14 9 4
0 7 37 -13.6 7.4 -11 6 91 -9.9 12.8 -6.2 14 8 -4.5 16.5 -2
S 107 -1 4 18 7 41 13 5 93 -2.8 200 27 -14.9 7.9
350 17.7 10 8 -4.7 19 8 40 11 6 18 4 61 -9 4
-15.4 -17.0 93 -45 | -186 76 60 -7.8 —
4 -8.4 -48 | 1681 112 -1.2 | -13.2 -9.6
4 . -4 74 29 | -131 16 2 60
450 .5 19 6 111 26 64 | -149
475 8 -82 | 15071 183 111 43
50 0 40 -1.0 -6 0 11 5] -16 S
Calculatad Power Data for Enginesring Model A. 10-L:




POWER
s 17°]aT=108°[aT=198"]aT220%[aT=-21"[a7:-22"1aT7223"]aT224°|AT-25"[aT=26"]aT=27"]aT=-28°*]AT=29*]aT230°]aAT=31[aT=32"[aT=33°[aT=-34"

[] 00 90 00 00 9.0 00 00 o0 90 0.0 2.0 (K] 00 0.0 00 00 9.¢c
31 4 33.1 349 36.6 38 4 40t 41 9 43.6 45 3 47 1 43 8 50.6 52.3 S4.1 55 8 57.%5 $9.3
. 62.8 66.3 €9.8 73.2 767 80.2 83.7 87.2 907 94.2 97 .6 101 .1 104 .6 10 111 6 115.1 118 6
3 94 99 .4 104 6 109.8 | 115 1 120.3 1256 130.7 136.0 1412 146 4 151.7 156.9 162, 1673 172.6 177.8
125, 132, 139.5 | 146 4 | 153 4 €0 67.4 174 3 181.3 188 3 $5.2 202.2 | 209 216, 223.1 230 1 237.1
56, 16S. 174 4 1830 | 191.8 00, 209.3 217.9 226.6 | 235 4 244.0 252.8 | 261, 270 3 | 278.9 | 287 6 | 296.4
] 8.3 . 2093 | 219, 230. 40, 1.1 261.5 272.0 | 282 92.8 03.3 13 324 .3 | 334 7 | 3452 | 3557
9.6 . 44, 256 268 S 9. 3.0 | 3050 § 317.3 | 329 341 & S53.9 66.1 378.4 | 390 4 | 4027 | 434.9
7. K .0 79. 2. 068 0.8 4.8 | 348 362 376 390.4 | 404 4 | 418 4 | 432 4 446 2 | 4602 | 4742
6. 2.4 1 - 4 45.2 3609 | 3767 | 392 407 423 4332 | 4550 70.7 | 4865 502.0 77 533.5
6. 136 S 1 34 66.0 | 383 5 | 401 0 | 4185 | 435 453 470 488 0 | 5055 23.0 40 5 557, 5.3 592.8
S, 5 4.4 38 402.6 ) 4219 | 441 460.4 | 4793 498.6 17 8 536.8 | 556.1 753 | 594 6 | 613 €32 8 552.0
N 76, 97. 418 439.2 | 460.2 481 502.2 | 522.9 | 543.9 64 9 5856 | 606, 27.6 | 648 6 | 669 690.3 | 711.3
? . 430 ¢ 453 4 | 475.8 | 498 521, S44. 566.5 89 .2 120 | 634 4 | 657 79.9 027 | 7251 747.8 | 770 6
4 4 463.¢ 488 3 124 | S $61.4 | 58S 810 46 591 6832 t 707.7 32.2 756 7 | 7809 | 8054 | 8299
4.4 470. 969 | 523.1 0 | S7S. 601 S 27, 653.6 9.9 06.1 732.0 758 3 4.5 | 8108 | 8366 | 8629 | 889 .1
4. 02.0 30.0 | 558.0 6 ] 6136 | 641.6 69. 697 725.2 753.2 | 780.8 808.8 | 836.8 64.8 | 882 4 | 9204 | 948 4
. $33 4 §3.1 592.9 2 520 | 681.7 | 711, 740.8 770.5 | 8003 | 829.6 | 859.4 889 1 189 | 9482 | 977.9 | 10077
3, 564.8 96.3 | 827 8 £58.8 90.3 21.8 | 753 3 784 4 815.9 47 .4 | 878.4 | 909.9 941 .4 72.9 110040 110355|1067.0
S ] 596.1 629.4 | 662.6 | 6954 28.7 1 761.9 795.2 827 9 861 .2 94 4 | 9272 | 960.5 993 7 | 10270110597 11093.011126.2
- §27.5 } 662.5 ) 6975 320 | 7670 ) 8020 837.0 | 871.5 906.5 | 941 5 ) 9760 11011.0{1046.0]1081. 01 t1155[115¢5)11855

0 LEVELS, 400 WA
17°[aT218°]aT=19°|aT=20°[aT=21°[aT-22"[aT=-23*]aT=24°]aT=-25°]aT=2614T-27°]aT-28°]aT=-28[aT=30°|aT=-31°]aT=32°TaT=33"[aT=-34"

“, [] [+] [ ] (1] o] 4] 1] 0 ] ] g (] 9 (] [
[4] 40 40 40 40 40 40 40 40 40 40 40 40 40 40 40
(1] 80 80 80 80 80 80 80 80 80 120 120 120 120 120 120
Q 120 120 120 120 120 120 20 60 160 160 160 160 160 160 160
120 120 120 50 60 160 &0 160 200 00 200 00 200 200 240 240 240
[+] [ 80 [] 00 200 200 00 240 40 240 240 80 280 280 280 280
] 2 00 00 40 240 240 80 80 280 280 20 20 320 320 360 360
(] 24 40 ] 280 280 20 20 320 360 360 350 360 400 400
[] 28 280 20 320 320 60 €0 360 400 400
Q 280 (] 20 60 360 360 400 400
(] (] [+] 60 400 400
9 (] 400 400
[*] 400
400

R - AVAILABLE POWER)
17 ]aT=18°aT=10°]AT=20°[aT=21"]aT=-22"[aT=-23"]aT=24"[AT-25"[aT=26"[aT=-27|aT-28"aT=28"[aT=-30"]aT=31°[aT=32"{aT=33"]AT=34"

] 00 00 0.0 0.0 00 90 0.0 00 990 00 00 00 00 00 09 00 00
A -8.8 -8.9 -5.1 -3.4 1.7 01 1.9 3.6 5.3 71 88 106 123 14 158 17 5 19.3
] 17,3 -13.8 {1 -10.3 -6.8 -3.3 02 3.7 7.2 10.7 14.2 17.6 -189 | 15 4 -11.9 -8.5 5.0 1.5
9 14.1 19.4 154 1 -10.2 0 93 K: 10.7 16.0 188 | -13.6 -8 4 3.1 2.2 23 12.6 17.8
i) $.5 12.5 195 -13.6 -6.6 0.4 7.4 14.3 -18.7 117 -4 8 2.2 9.2 §.2 16 9 -9.9 -2.9
.9 3.1 5.6 14.4 -17.0 -8.3 [ 9.3 17.9 -13.4 -4.6 4.0 12.8 -18.5 -9.8 Sit 7.6 16 .4
s 1 -11.8 =13 $3 196 -89 06 11 18 6 -8.1 2.5 12.8 -16 7 6.2 43 14 7 -14.9 -4 4
4 19.6 -8.1 4.1 16.2 -11.6 [<Xrd 13 -15.0 -2.7 95 -18.4 -6 2 ] 18 .4 -9.6 2.7
(] 11.0 2150 - 12,8 =13, 08 14 -11.4 2.6 16.6 -9 6 44
4 2.4 181 -6.1 9.4 =14 0.9 16 -7.8 7.9
] -6.3 11.3 113 .0 =16 1.0

-14.9 4.4 -16.4 6
3. 16 % -2.5
. 7.9

ng Model A. 10-Level Fesdback Powsr Control.

1y

{ ‘ON Loday fenuuy
£0006d ON uonedppoyy

p124-0-28-21QWVQ ON 1dB/IU0D




20°]
a

28
0

—

08
03

27

00
55
06
-0 2

-0.9
DEAL TEMPERATURE - TEMPERATURE

16°Jat=17Ja1=-18JaT=18"TaT

4

07
207

4

03
04
-0 3

25

3
02
g2

143

JEMPFRATUAE ERROR = (POWER ERROR X 60) - (4.184 X FLOW

4

00
(10 0
0. ¢
c38

ACTUAL TEMPERATURE CHANGE =

o L
il
~
o - <|o|-
o w|w]o
<jo] ]
olojsInlwlol~|~
O ™) A4 Lot R B L3 B L ) L
[l bt B B S B B N N R R [
of = o]~ o
~f e —f- et -
| Ll B4 L] Bl @)
n'57356 B |
™ of - 0
) e Pd B £ud Fd B B wfeo] | w| el
L= _J L “11.»‘
Dl | ™) Lt I Ll TN
¥ b e el s phat P D DX $

12.9
13 5
12.8

z12°JaT=13Tal=1a*]sT-15°[aT

[
-10
05
05
[
0.5
(]
Q5
05s
9.5
22,
15,
13
13,

12.4
11.5
12.2
11

121
11,

121

11.5
115

11.5

107

0.0
76
82

10.
10,

1.

R
23
0.8
02
08

4
0.2
00
0.5
9.2
11
8.6
10.2
9.2
10 4

11
11

9.6
10.6
9.8
10.7
10 0
10.2
7
103

9 Jarz10°TaT-11°]aT

00
0.4
02
0.3
04
[N]
11
76
11
9.2
7.6
9.8
102

Ll

82
9.2
86
94
89
84

o

a*[atl

4

0.0
g.0
11,
76
5.7
92

04
04
04
04
0.4

7.6
8.2
7.6
7.6

AR PN

0 O
4
0.2

77
7.7
7.2
5.8

=6°] 37

0

4

i1
<

11
77

4

bl

S°ia

-0.4
g0
4.6
3.8

46

0.4

g4

a*lav

40
07

3.6

20
4

3 T AT

2.0
0.¢
5.7
3.2

2.9

3.0

3.3
Z-A

-0.3

27
-6.3

2] ATl

4

990
20
00

0.0

Jat=1"] a7

Flow
FLOW

13, 14, 15. 16. 17. 18. 19.0 ] 20.0
Error __ Resulls
153 [ 183 T 172 ] 172 1 184 190 ) 201 [ 229 [ -
L srs ] vvs ] 138 | 138 | 153 ] 153 | 183 [ 172 |

Caicuiated Temperature Errors of Engineering Model A. with 10-Lavel Feec

12.

I 76 [ v1s
Table 1b

115 | o s1s 953 1
77

1rs |
76 |

T

r7
46 S 7

1
|

76 | 76
29 | 38

!

00 | 00 T oo }
:Avq..é.movloj[o,olo.al'o7[o.7loe[os ' os[arTo7Lo7Io7 1 0.7 l oalo7[oaloalo9[xo]xz[

*Flow rates of 25 & 50 mYmin were omittec

t9 | 3s T 57

1

AT=
Almax®
ATmin®




v

Contract No. DAMD17-87-C-7214
Moditication No P80003
Annual Report No 1

-
o
w.m ofof{a{efn wlnfwlelwlefar]afain
< olw|wsl <] -f~|-lole
[
<
D
S o
ol lol=l*l<l*la|~ olelec]|e]-|e d <|o] |
" - - ol efol o)« - =lof 1
Lot 0\.030. o. L) Dt D B ot 20t -, L L)
2 Iy —
v
©
ol (o] 7]|]<]|*|o] "]~ alv|ofe]| || © o} |-
" o]~ - - Nlslof e w0y © <O -
Teur I B A 0 0 o] o o] m| by e
<!
o o o
ol lolof <] ]| el® o|wfole]-jo] 4 “G ~
i B B L =1 B ] m|wlo|wlnlo] o ~ o -
- |°|® i ol B o B bt | oo
<
('. ——1 ————1
-
of |ol~1¥<|n]"|+]» ol e]ofr)~]o]l o .“7 ~
i -lo]- o | ool o] - o] |-
M loleojololeni-lo R B e v 0 e
qAL —1+—1 —
al lot-l+lelol~felo o|e|ol~] o] o -~ 1o
[ Nivlo|mlojole o N @ -
2 el el olele P Y B b s g - ool
K L34 |
v
o o
LSO T8 B Ak Bk L 178 T i ) e e it e Bt Dt o . 6” ~
" 4 - -} ; ol w| o wirlo] o |xl - o -
A I g K ot e 121e cl o] | o] o] view ~ |
b e
0
o w|r~ B B ololwo|~|wn]w]wn|~ o ©] o
o (=] =] L= had Ll K it A . o ™~
” - Led Bagd B=d Ko L K7 K ) o bt -
1) I d Rl B et A Bl Y o] euf o] e[ v ~ | o
~ |
” o)~ -le]~]|= ojo]ejr|n]|of o A w|o “«
. - - ol o] o ml 0] ol ~ olwl |-
- o B A B e e et el ol v el 1 ~ Ao
-
= | —
3
o . o
o~ P L 01 2 PN Y afojor| i} o ot e -
T: =1 Bl B B Hﬂn.ﬂ76 H un -
.M 14 —
v
o o
ol lol-}-1-]-|~ G G B B ol 1
L N —f-{o o o 0 0 1, wiey -
r I e B B B A 08 < o] o] eu] evf ey o) ~) 3] eyl
L) -
v
o tol-l-1-1-1-t-|-1-]- Ll Bt gl Bt g gl o ole] |-
" =l =]} ~]|~ o] evfevf o - o] e -
- |® - e el eufew b o el
bl ——d
=
>
o b1 - - - L T ) ) e B e ole| |- i
did " be e -
ol 12]ele]e]o] o o £ e B o SN e H
€
b }— 3
0
u o b e el ¢! Bt Bt H bl w 1] | ~ ﬂV
" o fufealed o ofol (o [
-l {° 7 7 7 o cafoe] ey ) e £
< a
= W -
. x
bl -]~ O, - v
o lo - ajo]o| ]~ |~fo 4 ©| ~
’ « - alol
of ] v} e oof o o 1 B Bt d ] Bl Bt - ale - E
w] - 3
T -
" 0| G Es -
= e b B T 2 et el et B B ms. - hé 2.” ~ s
= b o o S B e K e et e & b bt b ~ ~-f 1 3
& - é
“ -
ofe|e - = hd bel hed d 3ot B ° i G £
B b s B R 4 1 9| 2 L - Qe 1= ;
<
o] o -]- <] = <[~ had A Ll IR 'S -
o 2| I~ o Al T2 O b ¢ ]
EAMNEEER ajo = =d 2= |° M




5.3 Temperature Monitoring and Response Time

Table 2 shows a summary of data taken with different integration time constants on the Raciometer
output. The experimental setup consisted of two I.V. fluid bags hung from the !.%/. Stand of Encineering
Mode! A, one bag was at room temperature of 23.0°C while the other bag was warmed n a temperature
controlied oven to 28.0°C. The two bags were connected with 1.V. tubing to the two iniets of a 3-way
stopcock, while the output 0" the stopcock was fed through the temperature monitoring transducer with
Silicone tubing (0.12"1.D. x 0.19"0.D.) which was connected to the Radiometer. The fluid from the room
temperature bag was allowed tc flow with gravity (280 mi/min), anrd the radiometric output record was
initiated. After approximately 3 seconds, the stopcock was turned to allow the flow of the warm fluid,
30.0°C, througn the transducer and the radiometric output response was recorded on a HP7046B X-Y
Recorder.

The response time of the Radiometer for each time constant setting is the duration of time to reach $0°% of
the final steady-state output value, in this case corresponcing to 30 °C. The resclution of the Raciomster
is then established as follows:

. Calculated from output data:  AVoitage’® "C = 32 mullivelts 1 °C

. Measured from cuiput data: Peak (o peak noise voltage {or each
integration time constant setting as shown in Table 2.

. Resolution = (Signhal Noise) + (22mV/1°C).
For example an integraticr time constant set {c Z.3 sgconas ras ior
Engineering Mcdel A), yielcs an output signai ncise of k
Resolution can pe calculatec: (S0 mV) +(82mVi1"CY = 0.

Thus. the criteria for resolution is that the minimum discernible signal is egual to that signal wnich :s 'L
above the signal noise such that, the highest peaks of the noise are at the same level as the lowest ceaxs
of the signal. With the data of Table 2. :he maximum amount of fluid {[.V. or blood) that could gass
through the outlet temperature transducer in the event of misus 2. before system shut-down occurs. ¢on
be calculated as follows for any given flow rate:

) @
[o§]
=

Example: Flow = 250 mi/min = 4.2 mi’/second
Time Constant internally set to 0.1 seconds
Response Time = 0.4 seconds (see Table 2.)
Resolution = 0.9 seconds (see Table 2.)

(4.2 milliliters/s) x (0.4 seconds) = 1.7 milliliters
NOTE: A Volume of 1.7 mi which occupies approximately ten inches of 1.V. tubing

The data in Table 2, shows that the non-invasive radiometric technique can track changes in temperature
very rapidly. A resolution approaching 0.2 *C can be achieved with a response time of 2.3 seconds. This
is suitable for fine measurement of temperature. For coarse, extremely rapid measurement of
temperature, a response time of 0.4 seconds can be achieved with a resolution of 0.9°C. These fast
response rates are essential to provide an effective feedback mechanism for controlling energy supplied
to the heating chamber, while the finer resolution is needed to maintain constant outlet temperatures.
The Radiometer is equipped to handle both these requirements with two separate outputs which may be
individually selected to provide quick response times coupled with fine resolution of outlet temperature.
Optimization of response time and resolution with the operation of the digital feedback control system will
be performed in year #2 of *his Phase 2 Program.
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5.4 In-Vivo Testing Protocol

In-Vivo animal experiments were conducted by the Surgical Research
Laboratories, Department of Surgery at New England Medical Center in Beston,
Massachusetts.

The aim of these experiments was to determine whether microwave heating of
blood using a prototype blood warming device results in an abnormal decrease in
survival of the cellular elements of fresh blood in a primate model (baboon) when
compared to blood warmed in a water bath.

Experimental Protocol:

Three aduilt male babocns were usec fcr these siucies. Eacn tzabecen
underwent an experiment in which a sampie ¢i iresh biocd containing ragic.aoelec
cells was subjected to micrcwave heating from approximately 4-8°C tc 37°C durirg
injecticn through the prototype device at a flew rate of 250ml/minute. A similar control
experiment in which warming in a weter bath repiaced microwave heating follcwed fcr
each baboon at a time when ali cell-asscciatec radicactivity had returned tc caseline
levels.

Under general anesthesia {pentobarbital V), {resh bloocd was drawn from the
baboon and anticoagulated with ACD. The white diood cells (WBC), platelets and rec
blood cells (RBC) were separated according to established procedures. Technetium-
99m, Indium-125, and Chromium-51 were used io label the separated WBCs, piatelets
and RBCs respectively. lodine-125 labeled fibrinogen was also prepared and
following the radiolabeling procedure, the separated cells were pooled together. The
blood sample containing the labeled cells was cooled to 4°C and then warmed 10
37°C using either microwave heating or a water bath for "uWave Heated" anc
"Control” experiments respectively.

Estimation of Il Survival:

1mi blood sampies were drawn at intervals for 28 days following re-injection of
the radiolabeled blood. Gamma activity associated with each separate radioisotope
circulating was quantified by altering the window on the gamma counter. This enabled
simultaneous measurement of the different cell-associated radioisotopes present in
each 1ml blood sample. Gamma counts were corrected mathematically for natural
decay. Cell survivals were expressed as a percentage of the total gamma counts
injected. Summarized results are presented in tabular and graphic form.

5.5 In-Vivo Testing Results

The results of this study are based on the premise that grossly damaged cells
would be removed from the circulating blood volume by the reticuloendothelial system.
Previous in-vitro studies performed in Phase | revealed that no gross biochemical
evidence of red cell destruction occurs when microwave heating is performed. The
theory that more subtle forms of red cell damage might be present, yet not manifested
biochemically, is thus considered. Removal of the cells by the reticuloendothelial
system might therefore represent evidence of more subtle injury. Figures 5-6 and 5-
7 compare the half like decay curves for red blood cells labelled with Chromium-51.
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Bearing in mind that this blood has been separated, radiclabeled, and reconstituted,
there is no difference in the half time survival of cell associated counts in the blood
stream when comparing microwave blood with controlled blood. Figures 5-8, 5-9
and 5-10 demonstrate the half time survival curves for Indium labelled platelets in the
three baboons studied. Again, there is no difference in the disappearance of platelet
associated counts. As expected, the decay of platelet activity occurs much mccr
rapidly than that observed in the red cell population. Figures 5-11, 5-12 and 5-13,
demonstrate the decay pattern of the Technetium-99m labelled white bloed cells.
There appears to be greater variapility in this data, however, these differences
represent very small changes in actual cell survival, with, in one case the micrcwave
cells surviving longer, and in two cases the controlled cells, demcnstrating more hardy
survival. These results need to be interpreted in the light that in transfusions with
packed red cells, no white cell activity is expected on a practical basis frcm :hese
transfusions. Finally, Figures 5-14 and 5-15 cdemonstrate the haif time decz =f 1-
125 labellec fibrinogen. The microwave preparation had a slight increase in
sustained counts, however, these difference are not significant.

The iebular data for all these studies are presented in the Appendix.

Conclusions to Date:

1) No significant difference in survival of white cells and plateiets in biced
subjected to microwave heating to 37°C was observed compared to
blood heated in a water bath for all three baboons.

2) No significant differences in survival of red cells or fibrinogen in blocd
subjected to microwave heating to 37°C was observed compared to
blcod heated in a water bath for two baboons. Completed results fcr the
third animal will be available in the near future.

W

In-vitro and in-vivo studies toc date, demonstrate no significant hemoiysis
of bicod preparations passed through the microwave prctotype device.
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6.0 SUMMARY OF SALIENT RESULTS

Engineering Model A , successfully completed in year#1, is a functional system that demonstrates
that the microwave heating and temperature monitoring technique deveioped by Microwave Medical

Systems, Inc. can be integrated into a feedback controiled closed-loop system for rapid, yniform and
controlled fluid warming. Secondly, it has been shown through in-vivo animal experiments that the

microwave warming technique is efficacious and efficient for in-line warming of biood during the infusion
process.

6.1 Design, Development and Fabrication
of the Feedback Controlled System

Engineering Model A, shcwn in the Photograph of Figure 6-1, has teen successfully completed io
meet the objectives of the first year of the Phase 2 prcgram.  This unit consists of a feedback contrsl
mechanism implemented using an IBM PC computer thit links together the microwave enerqy source aith
the microwave radiometric temperature measurement svstem. The supgor nargware and scitware that has
been designed. deveioped and implemented to achieve the ciosing of the feedback Icop inciudes:

i1} Microwave Energy Source Mcdule to Supply 4C0 watts of Microwave Energy at 2.45 GHz

{2} Heating Chamber that directs microwave warrming energy "o the fluid-filled IV :uping anridge

{3) Carridge 21 'V Tubing that can be inserted inte the Heating Chamter

4} Microwave Interiace Module that connects the Microwave =nergy Source to ihe Heating Chamker
(5) Power Control Module to vary power levels of the Microwave Energy Source

{6) Computer Qutput Interface Module to link the IBM PC to ihe Fower Control Module

{7) Computer Input Interface Module to link the IBM PC to the Radiometer Temperature Monitor

(8) Temperature Monitoring Transducers to link the Radiometer te inlet and outlet fluid ports
(9) Feedback Control Algorithm Software to impiement ALZORITHM#1 on the IBM PC

(70) Display Software to graphically display system input anc dutput values in real-time

The Power Control Module has been designed to vary the power output of the microwave energy source
with 10 levels of control: from a minimum of 0 watts to a maximum of 400 watts in increments of 40 watts.
Using a feedback control algorithm implemented in software on the IBM PC computer, a control voltage is
supplied to the power control module from the IBM PC as a function of the fluid temperature as measured
by the radiometric temperature monitoring module. Using this method of contral the output temperature of
the fluid flowing through the system at a rate of approximately 200 mli/min can be maintained at a given
target temperature (e.g., 37°C) with a tolerance of £1.5°C when fluid temperature is eievated by an
increment of 1°C to 33°C(i.e. from a starting temperature range of 4°C to 36°C to a target temperature of
37°C). This tolerance will be improved to +1°C in year#2 of the Phase 2 program by providing a finer level
of control, i.e., 20 levels of control versus the existing 10 control levels.

A typical sample of the output displayed in real-time on the graphics screen of the IBM PC computer when
Engineering Model A is in operation is shown in Figure 6-2.

51




Cantract No. DAMC7.a7.2
Mocdicaton No 290502
Annual Recont No 1

6.2 Efficacy of Heating Blood with the Microwave Warming Device

- Restatement of Results from the Phase | Program
Blood samples were run through the system at various flow-rates. Samples were run through
the system under four conditions:

1) Control (Unheated): Run through the system once with power off
2) One-Pass Heating: Run through the system once with power on
3)  Two-Pass Heating: Run through the system twice with power on
4) Three-Pass Heating: Run through the system thrice with power on

For gne-pgass heating, examination of the results of blood samples showed no significant
differences in hematologic data were produced from that of the control(unheated) samples.
The biochemical aspects also showed the absence of any statistically significant differences
between the control and the_one-pass samples.

The only statistically significant differenca found for tan-pass and three-nass heating was in
Lactic acid dehydrogenase(LDH), the absolu:z levels of which were clinically normal. Changes
recorded here maybe attributable to increassd handling of the samples or io heating effects
alone, and not necessarily to any effects caused by microwave heating.

+ Results from In-vivo Animai(baboon} Siudy Perfcrmed during Year#t1 of Phase 2
The first in-vivo tests using the microwave warming technique have been performed during in
year#1 of Phase 2 by collaborators in the Degpantment of Surgery at New Engiand M=dical Centzr
using baboons as the test subjects.

The tests involved withdrawirg a sample of whole fresh tised from a baboon with a syringe. Triis
syringe of blood was anticoagulated, centrifuged and prepered for radiolabeling of red blood cells.
white blood cells, platelets and fibrinogen. The labeled blood components were then recombinec
and then passed thru the microwave heating device, as depicted in Figure 2., to achieve a
temperature rise of at least 20°C, to a maximum of 37°C. [NOTE: Before being heated by the
microwave device, the blood sampie was first cooled in an ice bath to guarantee that the starting
temperature would be less than 15°C].

The total volume of labeled blood components used for the tests was approximately 35 mi. This
labeled blood was mixed with unlabeled whole biood from the baboon to yield a grand totai volume
of approximately 100 ml. This total volume was dividec into two 50 mi syringes to be used for
microwave warming. Two syringes were made available, to provide for a spare sample in case of a
mishap in the experimental procedure.

The blood components are labeled as follows:

COMPONENT ISOTOPE DOSE
RBC Chrom-51 30 uCj
WBC Tc-99 3.1 G
Fibrinogen lodine-125 140 uGCi
Platelets Indium-111 136.7 uCj

The blood sample, thus, is subjected to a single-pass thru the test fixture and then returned,
intravenously, to the donor. A control preparation is produced in identical fashion except that
heating will occur in a water bath to raise the temperature to 37°C. The viability of this most fragile
component of the blood is assessed by following the half life of these celis in the blood stream
using gamma camera imaging and the ability of these level components to participate in plug
formation during standard bleeding time test.

The experniments performed included three microwave warming tests of blood withdrawn from
baboons and three control tests using a heated water bath to warm the blood. The data suggest
that cellular elements of the blood warmed by the microwave process have an appropriate
persistence in the blood stream that is no different from that found with the control samples.
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7.0 CONCLUSIONS

The in-vivo animal test results have coniirmed previously conducted(in Phase 1 of this program) in-vitro
test results that our technique of single-pass in-line microwave heating of blood does not affect the
constituency of blood components difterently than samples heated with conventional water 5ath
techniques.

Several technical issues were resolved during this first year of the Phase 2 program:

- The variable power control technique developed here is sutficient to hold outlet temperatures
to a target temperature within = 1.5°C at a typical flow rate of 200 mI’min. TFurther development
in year#2 will achieve finer control, in the orcer of £1°C.

- The microwave power module of 400 watts used in Engineenng Model A is sufficient :o
elevate the temperature oi ilowing fuids by 3 AT = 33°C (e.g. from 1°C to 37 T at flow rates of
upto 150 mi/min. Increase ‘n power cutput wilt allow equivalent zgvations: 7 =33 C. iniluic
temperature at corresponcingly higher flow rates.

- Radiometric temperature monitoring at the inlet and outlet ports of the hzating chameer s
possible without interterence from the microwave energy sourca.

- Radiometric temperature monitcring has a response time thai is sufficier: ‘o resgona n e
rapid change of temperature provided by the microwave power scurce.

All but one of the major technica!l issues adcressed in the firsi year of this Phase 2 procram osrs
successfully. The one remaining technical 1ssue from year#1 to be carried cver to years :
Measurement of fluid temperature internal to the Heating Chamber. This issue will be addressec in the
second year of the Phase 2 program as discussed in Section 4.1 of this report.
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8.0 RECOMMENDATIONS

Based on the performance of Engineering Model A developed during year#1 of this program the
following recommendations are being made for work to continue in year#2:

The variable power control technique developed in year#1 will be refined tc provide a tiner
control of the fiuid outlet temperature. In Engineering Model A the goal wiil he to hold the
fluid outlet temperature at a given target temparature within a range of = 1.0°C.

Engineering Model B is targeted to provide the foliowing minimal fluid warming capabilities:
The elevation of refrigerated {luid at 4°C or higher to a target temperature of 37°C or lower at
flow rates of 250 ml/min or less.

In order to accomplish this capability, the microwave power module of 4C0 watts used n
Engineering Model A will te replacad with a 700 watt power meccule in Enginzsering Mode! =,

A technique using the monitoring 2! refiected power from (e heating thamber ' ¢
investigated as an alternative method of determining the fluic temperature intermal ¢ 0
Heating Chamber.

The inseriable carridge is ceing deveioped so that it ¢an be packaged in the future as 2z 7inie
disposable.
The packaging of Engineering Modet 3 will be oriented icward attazhing the :n°i:m

components to an IV stand similar to thai shown in Figure 6-1
Additional meetings between MME and US Army persconnel during :he second 22 of

development would be helpful in estabiishing further guidelines for sysiem deveiopmsat 10
address the needs of the US Army.
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Microwave Blood Warming Experiments.

Cr-51 RBC Survival Studies.

Convact No QAMDIT 3T T T

Mociticanen No. 283307
Annuai Repcn No ¢

June-December 1939

Baboon I Baboon II Babcoen III
TIME uW-Heat Control uW-Heat Control uW-Heat Control
(min)
(%3 Injected Ceounts Circulating) (Due to
o 100 100 100 100 100 finish
5 88.3 a5 8G.3 106 89z.7 12-12-39)
10 86 93 112.3 94 8..7
15 86 23 36.5 1CO 12C.5
20 86.3 90 101.5 100 cz.2
30 81.5 38 94.5% 1CO Ti.t
40 86.8 83 98.7 1C8 g§5.7
50 82.3 90 104.3 103 £82.2
60 81.2 85 104.1 21 32.5
90 86 82 109.1 51 32.3
120 89.4 ¢35 111.9 91 290.¢8
180 §5.5 85 97.6 83 02.1
240 20.1 90 108.3 g1 ¢0.2
300 87.6 =3¢ 110.2 106
1440 63.7 75 75 72 73.3
4320 54.5 c3 87.9 81 66.7
7200 71.8 53 60.3 69 63.6
10080 53.7 50 £3.9 66 64.1
20160 35.6 40 41 50 38.4
30240 27.9 zZ5 41.2 31 28.3
40320 20.1 20 28.2 28 31.1
Baboon I Babcon II Bakocn IIZX
Days uW-Heat Control uW-Heat Centrol uW-Heat Control
(o] 100 100 100 100 100
1 68.7 75 75 72 73.8
3 54.5 65 87.9 81 66.7
5 71.8 53 60.3 69 68.6
7 53.7 50 53.9 66 64.1
14 35.6 40 41 50 38.4
21 27.9 25 41.2 31 28.3
28 20.1 20 28.2 28 31.1
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Microwave Blocd Warming Experiments.

Babocn II
uW-Heat Control

In~-111 Platelet Survival Studies.

Conwracr No SAMDIT 271

Meadicanen No PI0I22
Annuat RezsnNe t

June-December 1989

Babccn III

uW-Heat

(% Injected Counts Circulating)

Baboon 1
TIME uW-Heat Control
(min)
0 100 100
5 8l.7 82.7
10 75.5 66.3
15 63.9 60.1
20 76.4 55.3
30 52.8 45.9
40 57.7 45.4
50 53.9 44.6
60 £1.4 41,9
S0 49.1 46.9
120 46.1 44
180 44 .4 40.6
240 42.3 42.4
300 37.6
1440 24.2 28.3
4320 15.4 17.7
7200 10.1 9.3
10080 5.8 7.4
Baboon I
uW-Heat Control
Days
0 100 1C0O
0.17 42.3 42.4
1 24.2 28.8
3 15.4 17.7
5 10.1 9.3
7 5.8 7.4

100 100
69.7 57
5.3 49.1

43 43.3
46.6 42.1
50.8 37.3
52.9 43.5
2.6 42.6
£2.2 40.6
53.8 44.5
54.8 1.8
54.2 39.9
34.1 40.4
53.6 40.6
34.1 27.8
28.9 20.8
12.3 12.8

7.3 8.5
Baboon II

uW-Heat Control

100 100
54.1 40.4
34.1 27.8
28.9 20.8
12.3 12.8

8.5 7.3
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Microwave Blood Warming Experiments. June-Decemker 1989

Tc-99m Labeled WBC Survival Results.

Boon I Boon II Boon III

TIME uW-Heat Control uW-Heat Controel uW-Heat Control

(min) -
(3 Injected CTS Circulating)

0 100 100 100 100 100 160

5 53.3 103.3 99 88.2 75.7 §1.%

10 47.9 87.3 91.2 88.6 6.7 8€.1

15 46.7 88.5 88.4 87 74.8 38.2

20 43.5 88.3 92.6 88.3 63.2 79.1

30 45 76.9 93.3 81.5 67.7 83.7

40 45.3 79.1 91 83.1 65.7 33.8

50 46.3 79.4 83 85.9 73 82.9

60 47 .5 80.5 89.9 84.5 76 34.1

90 49 75 4.1 82.9 67.9 84.9

120 48.4 80.1 85.6 76 72.1 77.3

180 48.9 71.8 82.7 73.7 66.5 75.4

240 49.9 74.3 82.6 74.4 61 77.9

300 47.6 76.8 73.8 40.9

1440 27.3 41.6 42 44.4 25.9 40.5
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Microwave Blood Warming Experiments.

TIME
(min)

10
15
20
30
40
50
60
90
120
180
240
300

I-125 Fibrinogen Survival Studies.

Baboon I
uW-Heat Control

100
93.5
87.8

76
70.6
59.6
52.8
48.1
43.3
35.3
28.8
22.3
19.9
15.4

Baboon II

Cenuiact Ne DAMD1T &7.C0.72¢

Moddicanan No P5CC03
Annual Regort No

June-PDecember 1989

Baboon III
uW-Heat Control uW-Heat Control

(% Injected Counts Circulating)

100
92.7
67.7
55.4
45.9
33.7

31
30.4
26.7
21.5
20.1
14.9
13.6
11.1

100
67.1
48.8
27.9
20.9
18.9
20.6
20.6
19.6
19.9
16.9
14.3
13.3
17.6
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100
48.9
31.3
20.1
16.5
14.8
17.S
16.5
15.9
16.5
14.3
12.1
10.7

9.9

100

87.3
85.2
99.8
S4.3
83.5
86.8
.6
6
S
8
5
5]
5

S

St.
82.
8¢.
8Z.
75.
42.

(Due to
finish
12~13-89)




